Moderately repetitive DNA sequences are found in the genomes of all eucaryotes that have been examined. We now report the discovery of a novel, transcribed, moderately repetitive DNA sequence in a higher plant which is different from any of the known repetitive DNA sequences from any organism. We isolated a rice cDNA clone which hybridizes to multiple bands on genomic blot analysis. The sequence of this 352 bp cDNA contains four regions of homology to the wheat phenylalanine tRNA, including the polymerase Ill-type promoter. Unexpectedly, two regions of the same 352 bp sequence also show homology to the wheat 5S RNA sequence. Using the cDNA as a probe, we have isolated six genomic clones which contain long tandem repeats of 355 bp sequence, and have sequenced nine repeat units. Our findings suggest that the rice repetitive sequence may be an amplified pseudogene with sequence homology to both 5S RNA and tRNA, but organized as long tandem repeats resembling 5S RNA genes. This is the first example showing homology between the sequences of a moderately repetitive DNA with unknown function and 5S RNA.
INTRODUCTION
A substantial fraction of the genome of higher eukaryotes contains arrays of moderately and highly repetitive sequences 1 " 9 , the functions of which are unknown. Three general types of repetitive sequences can be distinguished (see refs. 1-5 and 9 for review): (a) short interspersed DNA sequences (SINEs), including the human Alu family, which contain RNA polymerase III type promoters; (b) long interspersed repetitive DNA sequences (LINEs), usually 5-7 kb in length, which are interspersed with non-repetitive DNA sequences and are restricted to particular genomic regions; and (c) essentially identical short repeating units, called satellite DNAs, which are found associated with heterochromatic regions of chromosomes and are arranged in tandem arrays. There is no evidence that any of the latter two classes of repeated sequences are transcribed 9 .
The origin and evolution of these repetitive sequences also remain mostly unknown. The human Alu family was shown to be homologous to the 7SL RNA and was believed to have been derived from the 7SL RNA (or DNA) 10 . It was also reported that some mammalian repetitive sequence families, including the rodent type-II Alu family, have remarkable sequence homology with specific tRNAs 8 . Repetitive DNA sequences have also been studied in plants. One recent report showed that small tandemly repeated DNA sequences of higher plants may have originated from a tRNA gene 11 . Taken together, these results suggest that many highly repetitive sequences of higher eukaryotes may have evolved from specific tRNA *• genes and other class ID genes 4 -5 . The intragenic RNA polymerase III promoter may initiate . transcription of the repeated sequences, which has been proposed to facilitate the amplification by the retroposition mechanism 4 . Consistent with this hypothesis is that members of the J human Alu and rodent type-II Alu families can be transcribed by RNA polymerase HI in vivo and/or in vitro 12 . However, it has not been demonstrated that any repetitive sequence families in higher plants are transcribed. In this study, we directed our effort to the identification of repetitive and transcribed sequences of a higher plant. Our results showed that a moderately repeated and transcribed sequence of the rice Oryza sativa has homology with both tRNA and •< 5S RNA.
MATERIALS AND METHODS
" Isolation of total rice DNA * Five varieties of rice were used. Orvza sativa L., var. Labelle was from C.N. Bollich, Oryza sativa var. IR36, var. IR26 and Orvza australiensis were from T.T. Chang and R. *• Coffman, Orvza sativa var. Calrose 76 was from N. Rutger. IR36 is an indica line, and Calrose 76 is a japonica line 13 . Oryza sativa has the AA genome and Orvza australiensis has i the EE genome 14 . Total DNA was isolated from different varieties of rice as described previously 15 .
Isolation of total rice RNA L Seeds of rice (O. sativa L. var. Labelle) were sterilized overnight with a 1:20 dilution of Clorox, rinsed thoroughly with sterile water, germinated, and grown in sterile water in the dark at 30°C for 14 days. The seedlings were cut into small pieces and homogenized in a Waring blender with liquid nitrogen until the tissue became a fine powder. A mortar and * pestle were used to grind the powder in 10 ml phenol saturated with 0.1 M NaOAc (pH 5.2) ,-and 10 ml TES buffer (50 mM Tris-HCl, pH 8.5, 10 mM EDTA, pH 8.0, 2% SDS) for 10 min. Phenol (10 ml) and 10 ml TES were added again, and the mixture ground for an • additional 10 min. This step was repeated two more times. The homogenate was transferred into a centrifuge bottle and spun at 1,610 x g for 10 min. The supernatant was extracted twice » with phenol, the sample mixed with 1/10 volume of 3 M NaOAc, pH 5.2, and the nucleic acids precipitated with two volumes of ethanol. The pellet was dissolved in 5 ml TE buffer, and 1.2 ml of 1 M NaCl was added to a final concentration of 0.2 M. The sample was * centrifuged at 10,000 x g for 10 min, and the RNA was precipitated with two volumes of ethanol. The pellet was resuspended in 4 ml of water, and the sample was treated with 2 units of RQx DNase in the presence of 40 units of RNasin at 37°C for 2 hrs. After extraction twice with phenol, the RNA was precipitated with ethanol and then dissolved in TE buffer. All * solutions used for RNA preparations were pretreated with 0.1% diethylpyrocarbonate overnight, and the glassware was baked at 200°C overnight Construction of rice genomic library and cDNA library For the construction of the genomic library, total rice DNA (O. sativa var. IR26) was partially digested with Sau3A and ligated to BamHI cut X EMBL4 DNA 16 .
For the construction of the cDNA library, poly(A) RNA was isolated 17 and doublestranded cDNA was synthesized 18 . The double-stranded cDNA was ligated to EcoRI linkers and then into EcoRI site of plasmid pUC19 as described by Wu e_t. aj. 19 .
Restriction enzyme analyses and genomic blot hybridization Restriction enzymes were purchased from New England Biolabs and Bethesda Research Laboratories. Digested DNA samples were fractionated by electrophoresis in 1% or 0.5% agarose gels. DNA fragments were transferred to a NYTRAN filter which was hybridized to 32 P-labeled RC48 DNA at 42°C and autoradiographed. The hybridization solution contained 50% formamide, 5X SSC, 5X Denhardt's solution, 1% SDS, and 100 Hg/ml denatured salmon sperm DNA. Northern hlot analysis of RNA transcripts Total rice RNA was electrophoresed under denaturing conditions on 1% agaroseformaldehyde gels and then transferred to nitrocellulose filters. Hybridization conditions were the same as in the Southern blot hybridization, but the solution contained in addition 0.1% SDS. DNA sequence analysis DNA sequencing was performed by using dideoxynucleotide chain termination procedure adapted to single-stranded M13 phage DNA.
RESULTS

Identification of transcribed rice repetitive DNA
We are interested in studying repetitive DNA sequences which are transcribed in rice.
We screened a cDNA library using 32 P-labeled total genomic rice DNA as the probe, and found several strongly-hybridizing clones (presumably representing repetitive DNAs); each gave a different pattern of hybridization to rice genomic DNA. One of them, RC48, was studied in detail. Figure 1A shows the pattern of genomic blot hybridization using labeled RC48 DNA as the probe and four varieties of rice (Oryza sativa L. var. Labelle, var. IR36 and var. Calrose 76, and O_. australiensis). each digested with four different restriction enzymes. The hybridization patterns of three of the rice varieties are similar but not identical. For example, complete digestion of varieties with Esjl showed ladders of 355 bp repeats up to 20 units (7,000 bp) in size with all the intermediary sized units visible; the trimer and tetramer bands are the darkest. The DNA samples were completely digested with the restriction enzymes, and the observed ladder of repeats is the result of mutations or methylation which have altered the restriction sites. Digestion with Hindlll gave fragments mainly above 5 kb in There was no hybridization between the RC48 probe and DNA from Q. australiensis. Complete digestion of rice DNA was shown by the fact that adding three times more enzyme gave the same pattern. Moreover, adding X phage DNA to the rice sample showed complete digestion of the X DNA (data not presented).
To confirm the finding that this rice repetitive DNA is indeed transcribed, we carried out RNA hybridization experiments (Northern blot analysis). Using RC48 as a probe, we found at least four distinct hybridizing bands with sizes ranging from 1 to 4 kb as shown in Figure 2 . The intensity of the four bands (Lane 1) together was at least five times higher than that of actin-1 mRNA (Lane 2). After adjusting for the differences in exposure time, the amount of RC48 mRNA appeared to be at least 50 times higher than that of rice actin-1 mRNA. Sequence of the rice cDNA (RC481 and sequence comparison to 5S RNA and fRNA To examine the sequence and structure of RC48 more closely, we determined its sequence ( Figure 3A ) and compared it with other known sequences. Two interesting points A ! RNA-like sequences have not yet been reported among repetitive DNA molecules. The possibility that the rice repetitive DNA may be related to 5S RNA is strengthened by the following observations: (a) the overall sequence homology (e.g., nucleotides 1-124) is statistically highly significant (chi square = 39, p < 0.0001, based on 56 matches and 68 mismatches or unmatches); (b) in one region (positions [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , the homology between the rice RC48 and the wheat 5S RNA is 9 out of 12 nucleotides; and (c) rice RC48 includes a sequence, AAATTAAAA, identical to a part of the A/T rich transcriptional terminator sequence of the wheat 5S RNA gene 9 . This sequence is found between nucleotides 306 and 314
(marked with a heavy line above the rice RC48 sequence in Figure 3A ) in a location expected for the terminator of copy II of the wheat 5S sequence.
In addition to DNA sequence homology to tRNA and 5S RNA, the rice repetitive DNA also resembles the 5S RNA gene in organization. Genomic blot analysis (on a 0.5% agarose gel) using total rice DNA digested with Hindm or BgUI and RC48 as a probe showed that the length of over 50% of the rice repetitive sequences is around 160 kb ( Figure IB) . Complete digestion of rice DNA with restriction enzymes was shown by the fact that when the filter was washed and probed again with rice actin-1 gene, the expected sizes of the actin genecontaining fragments were found (lanes 6-9), and no hybridization was found at the 160 kb region. Thus, the organization of this rice repetitive DNA in very long tandem repeats resembles that of the 5S RNA gene 9 , and suggests that it may be an ampilified 5S RNA pseudogene. Sequence of RC48-related genomic DNA We next analyzed the genomic sequences related to the rice cDNA sequence. After screening about 20,000 plaques, we isolated six genomic clones from a X EMBL4 rice genomic library using RC48 as a probe. DNAs from two clones were separately digested with EcoRI or Sail, and the fragments were cloned into M13 vectors. Seven monomer-sized fragments and one dimer-sized fragment were isolated and sequenced (Figure 4) . The sequence homology between RC48 and any one of the genomic clones is between 90-91%. The homology between any two genomic clones varies between 91-96%. This result shows that all the genomic clones so far sequenced are closely related to one another and to the cDNA; however, we have not yet cloned the particular genomic repeat units from which the transcript in RC48 is derived. This is not surprising because quantitative Southern and dot blot assays indicate that there are over 1,000 copies of this 355 bp repeat unit per haploid rice genome. Figure 5 shows the classical cloverleaf structure of the wheat phenylalanine tRNA cloverleaf structures with high level of resemblance to the secondary structure of wheat tRNA Phe further strengthens the potential for evolutionary relationship. These results suggest that this rice repetitive sequence may be an amplified tRNA pseudogene.
DISCUSSION
The rice repetitive DNA shares certain characteristics of several types of plant repetitive DNAs. However, distinctive differences are found as follows. (1) Satellite DNAs with 177 bp repeat units were found in radish and several other Cruciferae 11 ' 25 . However, the satellite DNAs were not transcribed as shown by the lack of hybridization of total RNA to the 177 bp DNA probes 25 . In contrast, the rice repetitive DNA is transcribed. (2) A highly repeated DNA sequence from Arahidopsis thaliana has been cloned and sequenced. The repeat units have an average length of 180 bp and are tandemly repeated in arrays larger than 50 kb 26 . This sequence showed 44% homology with the rice repetitive DNA between nucleotides 1-180. The homology is lower between nucleotides 181-355. Whereas the rice repetitive sequence is transcribed, it is not known whether the Arabidopsis sequence is transcribed. (3) Our genomic blot experiment (Figure 1 A) probed with the cDNA (RC48) gave patterns resembling that of a highly repeated satellite DNA identified by Pental and Barnes 27 . However, the latter DNA has not yet been further characterized, and thus it is not known if it is expressed or if it is related to the RC48 sequence. (4) 5S RNA genes of wheat are clustered in tandem arrays with repeating units 410 bp and 500 bp in length. Within a repeat unit, the sequence of a 120 bp 5S RNA gene and a 70 bp 5' proximal sequence are conserved between different repeat units, whereas the remainder of the noncoding spacer region varies in sequence 9 . In contrast, the rice repetitive DNA is arranged in clusters with repeating units 355 bp in length, with the entire 355 bp sequence showing high sequence homology among different repeating units.
Partial DNA sequence homology of the rice repetitive sequence to both tRNA and 5S RNA is surprising. In addition to sequence homology, resemblance of the potential secondary structure of the rice sequence to the secondary structure of tRNA on the one hand and to the organization of 5S RNA genes involving long tandem repeats on the other hand, raise the possibility that the rice repetitive DNA may be evolved from the common ancestor of 5S RNA and tRNA.
